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D.«ance meas„reme„, sys.=m» are r^.M in a »id. variely of 
appIicaHons. Surveying. p„,„„„ de,e™i„a,i„„, precision fa™i„g ^ 
a- some exa„,p,e app,ica,io„s .ha, m,„i„ dis,a„ce n,eas„„„„„. s,s.e™s 

In recen. years, various systems f.rdis.a«.e n,eas„,.n,e„, systems have 
been developed. We gioM posi.iohi„g sateHiee (GPS) sys,en, operated by ,he 

Un„edS,a,esDepar»,emofDefense,forexample,isahigh,ycon,p,exsys,em„f 
de.em,i„i„g fte posilion of a„ object by distance measurement. TOe OPS system 
depends on me«uring .he time^f.fligh, of signals from three or mo,. oH,iU„g 

-eH,e„a„sn,i..ersbya„avigatio„receiver.Acco,di„g.otheGPSsys.em.each 
satelhte broadcasu a time-stamped signal that includes dte sa,elB.e-s ephemeris 
..e, rts own position. When the mrt,ile unit t^ives a OfS signal, the mobile' 

un,.measur=s.hetransmissiondelayre.a.i,e.oi.sownclockandde.e™,inesU,e 
distance from .he transmitting satellite's position. 

AnoU,erapproachis.ha.empIoyedbyU,eU.S.Navy-sTOANSlTsystem 
In fta. sys.em. a mobile unit perfonns conUnu^ts doppler measnremems of a 

stgnalbroadcastbyaloweartrorbitOEOisatellite. The measurements continue 
for several minutes. "Ilre system usually .e,,ui.s two passes of the satellite 

necessitatingawaitof mo. than lOOminutes. In addition, because dredistance 
and posiBon calcula.ions are petfon^ed by the mobile unit, d,e satellite must 
b^dcast infonnation regarding its posidon, i.e.. i.s ephemeris. AlAough dte 
TOANSir system is capable of high accuracy (on dte order of one meter) ' 
delay required is unacceptable for comme.,:ial applications. 

Although these systemsaccurately measure thedisancebetweenobjecs 
d.eyareext.emelycomplex,a„d.mo..impo.,anUy.e,pe„sive,oimplememFo^ 
example, both the GPS and IT^NSfT systems require multiple satellites 

sophisdcated receive, and a„,emtas.hatrequire hundreds of millions dollarsof 
.nv«,un«,«. Also, response times of GPS and TOANSIT systems are typically 

aiowdueK-theirnan^w bandwidth. Rn,he,mo,e.sincetheses,stemsdependon 
crbttrng satellites, dtey t^uire an ummpeded view of .he sky .o iffecdvely 

pefonn tange measurement. For d«s.,easo„s.i.has been ,«og„i^U,.„^^ 
>s a need for a simple, low cos. distance measurement system 
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Summary of the Invention 



The present invention is directed to a system and a method for distance 
measurement using a radio system. According to the present invention, a distance 
is measured by determining the time it takes a pulse train to travel from a first 
radio transceiver to a second radio transceiver and then from the second radio 
transceiver back to the first radio transceiver. 

The actual measurement is a two step process. In the first step, the 
distance is measured in coarse resolution, and in the second step, the distance is 
measured in fine resolution. 

In accordance with the present invention, a first pulse train is transmitted 
using a transmit time base from the first radio transceiver. The first pulse train is 
received at a second radio transceiver. The second radio transceiver 
synchronizes its time base with the first pulse train before transmitting a second 
pulse train back to the first radio transceiver. The second pulse train is received 
at the first radio transceiver, which then synchronizes a receive time base with the 
second pulse train. 

The time delay between the transmit time base and the receive time base 
can then be determined. The time delay indicates the total time of flight of the 
first and second pulse trains. The time delay comprises coarse and fine distance 
attributes. 

The coarse distance between the first and second radio transceivers is 
determined. The coarse distance represents the distance between the first and 
second radio transceivers in coarse resolution. An inphase (I) signal and a 
quadrature (Q) signal are produced from the time delay to determine the fine 
distance attribute. The fine distance indicates the distance between the first and 
second transceivers in fine resolution. The distance between the first and second 
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radio t™,sceivers is then detennined from the coarse distance and the fine 
distance.attributes. 

Funher feamres ^6 advantages of ,be present i„,e„,i„„. «!! as the 
stmc.™ and operation of v^„„s e.bodtaents of Ute p,«en. invention, a. 
described in detail below witb ..ference to .be accon.pan,i„g drawings. 

Brief Description of the Drawings 

^^P"""""™""""" described witb reference to tbe accompanying 
drawings. In tbe drawings, like reference n^nbers indicate identical or 
ftnctionally similar elenrents. Additionall,. tbe lef,-nK«t digit(s) of a reference 
number identifres tbe drawing in whicb the reference number fi,.t appears 

FIG. 1 tllnstrates two radio transceivers tha, are used for dist^rce 
meas^ement in accordance with one embodimem of the present invention. 
HG. 2 illustrates an example pulse train. 

HG. 3 is an example timing diagram illustrating pulse ti^ns exchanged 
between the two radio transceivere. 

HG. 4 illustrates a phase locked loop (PLL) ci,x:uit that can be used to 
generate a timing signal. 

HG. 5 is a block diagram of a system for detennining a coarse distance 
HGS. 6A and 6B illustrate fine distance measurement circuits. 
HG. 7 is a timing diagram for the fine distance measurement. 
HG. 8 illustrates two analog to digital (A/D) converters. 

HG. 9 illustrates two triangular wavefonns used for detennining thefine 
distance. 



DetaUed Description of the Embodiments 
Overview of the Invention 
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presen. i„ve„.io„ is di„=c,e<, ,o a sys.™ »d a „cO«, to dis.a„ce 

«n,e„,„si„garadi„sys.e™.TT,ep„.„H„ven,i«,ca„te„«d.„.eas^^ 
lUc dislance belween a plurality objecls. 

Briefly stated, the key to ™.as»ing a distance accc«ling to the pt^sent 
.«ve„.,o.is.„precisel,measu,.th.tin»it..kesforasi„glebit,o,,.velfro™^ 

fit^radiotransceLertoaseccndradiottansceiver Since in reality itisdifflcult 
o transmit and teceive a single bit, the distance is measured by detenninin, d,e 

Un«=.,«l,esapa,setrai„.„trave.f.„™afirs.radio,ra„sceivertoasec„„dradio 
-anscetve, a™, then fro™ the second radio t^sceiver back to the fct t^o 

-nscetver. Stated in other temis. the distance is nteast^d by detenninin, the 

rave, t.n,e for a complete exchange of data between the fi,.t and second .adio 

transceivers. 

^^-""^'^n^^isatwostepprocess.In.hefirsts.ep 
d^tance is n,eas,„ed i„ coarse tesolntion. also refetred to as a coat^e 

n«as,nen,ent,„thesecondstep.thedis.a„ceisn,eaa„redi„f,„e„sol,,.io„,als^ 
refened to as a fine measurement. Altematively. the coarse dist^nceand the fine 

dtstancecanbemeasmedinparalleLorthefinedistancecanbenteasnredbefore 

the coarse distance is measured. 

™"^<«o-»-d in the present invention may be any one Of several 

.ypesofradiosthata.capableof.ransn,itti„gand,eceivingcodedo,n,od„lated 

stgnals-Themodulati^tcanbetimeorphasemodnlatta,*^™^^^^^^ 
amphtude modulation. ^ ^ ^ ^ 

-hemes. U be appatent to pe,^ skilled in this an that other type! of 
■xodulatton schemes can be easUy implemented. 

1. die MloMn, description, an impulse radio system comprising a 

Ptaral^yof transceivet^atensed for distancemeasurement. However, itshl 
b. -ndet^tood that impulse radios at. chosen as .n example only. ,t will be 

~ " - 0^ *e ptesen. invention can be 
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impleniented easily by other types of radio systems. Furthermore, the present 

invention also be implemented using optical signals from a laser, light emitting 

diode (LED) or other types of optical source. 

Impulse radio has been fully described in a series of patents, including 

U.S. Patent Nos. 4.641.317 (issued Febniaiy 3. 1987). 4.813.057 (issued 
Mai^h 14. 1989). 4.979.186 (issued December 18. 1990) and 5.363.108 (issued 
Novembers. 1994)toLany W.Fullerton. A second generation of impulse radio 
patents include U.S. Patent Nos. 5.677.927 (issued October 1 4. 1 997). 5 687 1 69 
(issued November 11. 1997) and co-pending Application No. 08/761.602 (filed 
December 6, 1996) and 09/045.929 (filed March 23. 1998) to Fullerton et al. 
These patent documents are incoiporated herein by reference. 
The Present Invention 

Theprefeiied embodiments of the invention arediscussed in detail below 
While specific steps, configurations and arrangements are discussed, it should be 

understood that thisis done forillusti^tivepurposes only. Aperson skilled in the 
relevant art will recognize that other steps, configurations and airangements can 
be used without departing from the spirit and scope of the present invention. 

HG. 1 illustrates two radio transceivers 104 and 108 that can be used for 
distance measurement according to one embodiment of the present invention 
The first radio transceiver 104 is spaced at a distance d from the second i^dio 
transceiver 108. The first radio transceiver 104 has two time bases, a transmit 
timebaseandareceivetimebase. The second radio transceiver 108 requires only 
a time base, although, it can also have two time bases. Other transceiver 
airangements in which the present invention can be used for position 
detennination are described in a co-pending Application No. 09/045 929 (filed 
Mareh 23. 1998). tiUed: System and Method for Position Detennination by 
iiipulse Radio. 
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Refemng now to HGS. 1 and 2, the fim radio transceiver 1 04 transmits a 
pulse train S, using the transmit time base. The pulse train S, has pulses, 
where N is an integer. The second radio transceiver 1 08 receives the pulse train 
S, and synchronizes its time base with the pulse train S,. The second radio 
transceiver 108 then transmits a pulse train having N pulses. TTie pulse train Sa 
is received by the first radio transceiver 104. The transceiver 1 04 synchrbnizes its 
receive time base with the pulse train Sj. The time delay between the transmit 
time base and the receive time base is then determined. The time delay represents 
the total time taken for the round trip flight from the first radio transceiver 1 04 to 
the second radio transceiver 108 and back to the first radio transceiver 104. 

HG. 2 illustrates an example pulse train S, (or S2) according to one 
embodiment. TTie pulse train S, (or S^) comprises 100 pulses. Each individual 
pulse has an exemplary pulse width of 50 nano seconds. The total width of the 
pulse train S, (or Sz) is 10 micro seconds. The pulse train S, (or S2) is periodic, 
having a period of 30 micro seconds. Stated in other tenns. the pulse train S, or 
(S2) is repeated at every 30 micro seconds interval. The duty cycle of the pulse 
train Si (or S2) is 0.333. 

The pulse train can be envisioned in both time and space by considering 
the speed of radio waves in the atmosphere and the fi^uencies involved. The 
pulse train is generated by a 10 MHz signal source (described below in detail). 
Since electromagnetic wave travels at a speed of approximately 100 ft/nano 
second, a lOMHz signal source will generate a pulse for each 100 ft of travel by 
the wave. Consequently, if a 10 MHz oscillator is used to trigger a counter to 
count the distance traveled by a pulse train, the counter can measure a distance 
within approximately 50 ft resolution by detecting the rising edge or the falling 
edge of the clock. 

HG.3 is an example timing diagram illustrating the pulse trains exchanged 
between the first radio transceiver 104 and the second radio transceiver 108. In 
order to simplify the timing diagram, each pulse tr^in is represented by a single 
Attorney Ref: 1659.0660000 



puJse. Li nG.3, time units in the horizontal axis are represented in micro 
seconds. 

RefeiTing now to FIG. 3, at time t=0, the first radio transceiver 104 
transmits the pulse train S, (indicated by a reference numeral 304) using its 
transmit time base. The pulse train 304 is a periodic pulse train having a time 
period T. In one embodiment, the pulse train has a period T=30 micro seconds. 
The pulse train 304 comprises 100 pulses, each pulse having a pulse width of 50 
ns. The total width of the pulse train 304 is 10 micro seconds. 

At time t=t,, the second radio transceiver 108 begins to receive the pulse 
train S, (indicated by a reference numeral 308). Li other words, it takes the pulse 
train S, a time t, to travel from the first radio transceiver 104 to the second radio 
transceiver 108. The second radio transceiver 108 completes the reception of the 
pulse train S, at time t= t^. where t2= (t,+l 0) micro seconds. The second radio 
transceiver 108 synchronizes its time base with the pulse train 308. At time t=t3, 
the second radio transceiver 108 begins transmission of the pulse train S2 
(indicated by a reference numeral 312). At time t=u, the first radio transceiver 
104 begins the reception of the pulse train S2 (indicated by a reference numeral 
316). The first radio transceiver 104 completes the reception of the pulse train 
316 at time t=t5, where t5=(t4+10) micro seconds. 

Li the example of FIG. 3. t* = 16 micro seconds. ITie total time of flight 
for the pulse train S, to travel from the first radio transceiver 104 to the second 
radio transceiver 108 and for the pulse train S2 to travel from the second radio 
transceiver 1 08 to the first radio transceiver 104 is 6 micro seconds, which is also 
referred to as the time delay. Li the present invention, the time delay is used to 
calculate the coarse distance and the fine distance. 

HG. 4 illustrates a phase locked loop (FIX) circuit that can be used to 
generate timing signals at the first radio transceiver 104 and Uie second radio 
tiansceiver 108. The function of the PLL circuit is to synchronize a high 
frequency oscillator to a stable lower frequency signal source to tiiereby provide a 
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stable timing signal. The PLL circuit is shown for illustrative purposes only, and 
it should be apparent to persons skilledHn the art that other types of circuits can 
also be used to provide stable timing signals. 

Referring now to FIG. 4, a voltage controlled oscillator 404 generates a 
base clock signal 406. The base clock signal 406 is divided using a counter 408. 
The output of the counter (indicated by a reference numeral 41 0) is received at a 
phase detector circuit 412. The phase detector circuit 412 also receives a 
reference signal 414 from a reference signal generator 416. The phase detector 
circuit 412 outputs aphase difference signal 41 8. A PLL loop filter 420 receives 
the phase difference signal 41 8 and outputs an error signal 422. The error signal 
422 is used to adjust the voltage controlled oscillator 404 to thereby provide a 
stable base clock signal 406. Depending on the application, the base clock signal 
406 or the output of the counter 408 can be used as a timing signal. 
Coarse Distance Measurement 

HG. 5 illustrates a block diagram of a system for determining the coarse 
distance from the time delay according to one embodiment. Simply stated, the 
coarse distance indicates the number of pulses counted by a counter during the 
time delay. In one embodiment, each pulse corresponds to a distance of 100 ft. 
Thus, for example, if a counter counts 16 pulses during the time delay, the 
distance traveled by the pulse train is 1600 ft. 

Referring now to HG. 5, a transmit time base 504 is coupled to a counter 
508. The counter 508 can be a phase locked loop counter that receives an output 
506 from the transmit time base 504 and provides a stable signal refeircd to as a 
transmit timing signal 510. In one embodiment, the transmit timing signal 510 is 
a 10 MHz square wave with a 50% duty cycle. 

The transmit timing signal 510 is received at a counter 512, where the 
transmit timing signal 510 is divided by N, where is an integer. The counter 
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512 outputs a first timing signal 514. In one embodiment. N is 2. and 
consequently, the first timing signal 514 is a 5 MHz square wave. 

The first timing signal 514 is received at a transmit code position counter 
516. which counts the number of pulses in the first timing signal 514. In reality, 
the transmit code position counter 51 6 counts the number of pulses from the start' 
of the transmission of the pulse train S, from the first radio transceiver 1 04. The 
output of the counter 516 is referred to as a first count value 518. which is a 
binary number. 

Likewise, a receive time base 520 is coupled to a counter 524. The 
counter 524 receives an output 522 from the receive time base 520 and outputs a 
receive timing signal 526. In one embodiment, the receive timing signal 526 is a 
10 MHZ square wave with a 50% duty cycle. 

The receive timing signal 526 is received at a counter 528, where it is 
divided by N, where is an integer. The counter 528 outputs a second timing 
signal 530. In one embodiment. N is 2, and consequently, the second timing 
signal 530 is a 5 MHz signal. 

nie second timing signal 530 is received at a receive code position 
counter 532. The receive code position counter 532 outputs a second count value 
534 that indicates the number of pulses counted at the time the transceiver 104 
starts to receive the pulse train S2. 

The first and second count values (5 1 8 and 534. respectively) ai« received 
at a latch 540. In one embodiment, the first count value 518 is received at the 
data input port of the latch 540, while the second count value 534 is received at 
the "enable" port of the latch 540. The latch 540 outputs a code delay value 542. 
nie code delay value 542 indicates the number of pulses counted between the 
time the first radio transceiver 104 begins the transmission of the pulse train S, 
and the time the first radio transceiver 104 starts to receive the pulse train S^. In 
other words, the code delay value 542 indicates the sum of the pulses in a pulse 
train S, (or Sj) and the number of pulses in the time delay. Thus, tiie number of 
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pulses in the time delay, i.e., the coarse distance, can be calculated by subtracting 
the number of pulses in a pulse train from the code delay value. 

Fine Distance Measurement 

FIG. 6A illustrates a fine distance measurement circuit according to one 
embodiment of the present invention. The fine distance measurement circuit 
receives three inputs: the transmit timing signal 510, the first timing signal 514 
and the second timing signal 530. These signals have been described in 
connection with the coarse distance determination in FIG. 5. 

The transmit timing signal 510 and the first timing signal 514 are received 
at a first gate 604. In one embodiment, the first gate is an equivalence gate or an 
inverted exclusive-or (XOR) gate. Also, in one embodiment, the transmit timing 
signal 5 1 9 is a 1 0 MHz signal, while the first timing signal 51 4 is a 5 MHz signal. 
The first timing signal 514 is also referred to as the TX(I) signal. 

The first gate 604 compares the phase of the transmit timing signal 510 to 
the phase of tiie TX(I) signal 5 1 4 and outputs a TX(Q) signal 606. The duty cycle 
of the TX(Q) signal 606 is proportional to the phase difference between the 
transmit timing signal 510 and Uie TX(I) signal 514. 

FIG. 6B illustrates an alternate circuit comprising an inverter and two 
latches for producing the TX(I) signal 514 and the TX(Q) signal 606. The 
transmit timing signal 510 is received at the latch 650 and the inverter 654. The 
latch 650 outputs the TX(I) signal 514. The inverter 654 inverts Uie transmit 
timing signal 510, which is received by the latch 658. The latch 658 outputs the 
TX(Q) signal 606. It will become apparent to persons skilled in the art that these 
signals can be produced by oUier types of circuits. 

Turning again to FIG. 6A, tiie second timing signal 530 and tfie TX(I) 
signal 514 are received at a second gate 608. The second timing 530 signal is 
also refenred to as the RX signal 530. In one embodiment, the second gate 608 is 
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an exclusive-or gate. The second gate 608 compares the phase of the RX signal 
530 to the phase of the TX(I) signal 514 and outputs an I signal 610. The I signal 
61 0 has a duty cycle proportional to the phase difference between the TX(I) signal 
514 and the RX signal 530. 

The TX(Q) signal 606 and the RX signal 530 are received at a third gate 
612. In one embodiment, the third gate 612 is an X-or gate. The third gate 612 
outputs a Q signal 614. The Q signal 614 has a duty cycle proportional to the 
phase difference between the TX(Q) signal 606 and the RX signal 530. 

The I and Q signals (610 and 614, respectively) are received at a first and 
a second low pass filter 61 6 and 620, respectively. The first and second low pass 
filters can each comprise a resistor and acapacitor. Other types of low pass filters 
can also be used. The first low pass filter 61 6 removes ac components from the 1 
signal 610 and outputs an Idc signal 622. The Idc signal 622 represents the average 
dc value of the I signal 61 0. Likewise, the second low pass filter 620 removes ac 
components from the Q signal 614 and outputs a Qdc signal 624. The signal 
624 represents the average dc value of the Q signal 614. 

FIG. 7 is a timing diagram that illustrates the signals referred to in 
connection with the fine distance measurement circuit of FIG. 6A. The transmit 
timing signal (indicated by a reference numeral 704) and the TX(1) signal 
(indicated by a reference numeral 708) are received at the first gate 604. The first 
gate 604 outputs the TX(Q) signal (indicated by a reference numeral 712). The 
TX(I) signal and the RX signal (indicated by a reference numeral 716) are 
received at the second gate 608. The second gate 608 outputs the I signal 
(indicated by a reference numeral 720). The TX((J) signal and the RX signal 
received at the third gate 612. The third gate 612 outputs the Q signal (inidcated 
by a reference numeral 724). The first low pass filter 616 removes the ac 
components from the I signal and outputs the Idc signal (indicated by a reference 
numeral 728). Ukewise, the second low pass filter 620 removes the ac 
components from the Q signal and outputs the Qjc signal (indicated by a reference 
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numeral 732). As described before, the Idc signal 728 and the Qdc signal 732 
represent the average dc value of the I signal 720 and the Q signal 724, 
respectively. 

In the present invention, the Idc signal 728 and the Qdc signal 732 are 
measured as a function of the distance between the first radio transceiver 1 04 and 
the second radio transceiver. Stated in other words, a plurality of the I^c signal 
728 and the Qdc signal 732 readings are taken as the distance between the first and 
second radio transceivers (104 and 108, respectively) is varied. 

The Idc signal 728 and the Qdc signal 732 are further processed to thereby 
measure the fine distance. The fiirther processing of the Idc and Qdc signals (728 
and 732, respectively) are shown in FIGS. 8 and 9. 

Referring now to HG. 8, the Idc signal 728 and the Qdc signal 732 are 
received at analog to digital (A/D) converters 804 and 808, respectively. The 
A/D converter 804 outputs I| (indicated by a reference numeral 8 1 2) and the A/D 
converter 808 outputs Qi (indicated by a reference numeral 816). 
Then, the following values are determined: 

Imax = maximum value of Ii; 

Imij) = minimum value of Ii ; 

Qmax = maximum value of Qi; 

Qmin = minimum value of Qi; 

Icir = center value of Ii; and 

Qcir = center value of Qi. 
Then, t and Qz variables are computed: 

Iz = Iplcir; and 

Qz = (Ql-Qctr)*(WImin)/(Qmax-Q™„). 

Then, the t and Q^ variables are plotted as a function of distance. The above 
computations shifts the waveforms representing and to thereby make their 
center points zero. Also, the above computations equalize the slopes oft and Qz. 
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FIG. 9 illustrates the plots for the h and variables. The variable is 
represented by a triangular wave 904 and the variable is represented by a 
triangular wave 908. The triangular waves 904 and 908 are divided into four 
quadrants. The ambiguity with respect to the distance given by an actual Ij value 
is resolved by considering a corresponding value from FIG. 9. 

Then, the octant is determined from Table I. 



Table I 



Octant 


Iz 


Qz 


0 


+ 


+ 


1 


+ 




2 


+ 




3 


+ 


+ 


4 




+ 


5 






6 






7 




+ 



Then, an Offset value Ooff is determined from Table II. 



Table U 



Octant 


Offset Value Ooff 


0 


Qz*S 
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1 


H-l*S 


2 


-lz*S 


3 


H-Q,*S 


4 


-Qz*S 


5 




6 


Iz*S 


7 


H-Q,*S 



where H is the distance value of one octant, and S is the slope of the 1^ wavefonn. 
The offset value spans from 0 to H for each octant as the distance scans across 
the octant. The fine distance is given by X*H+Ooff, where X is the octant number. 
Then the coarse distance is adjusted as follows. 

(a) In octant 1 , if the least significant bit (LSB) of the code delay value is 1 , 
then the coarse value is incremented by 1. 

(b) In octant 7, if the LSB of the code delay value is zero, then the coarse 
vaJue is decremented by 1, 

Rnally, the fine distance is added to the adjusted coarse distance to 
thereby calculate the total distance. 
Applications of the Present Invention 

The following applications are described as a few selected examples. It 
will become apparent to persons skilled in the art that thepresent invention can be 
utilized in many other applications. 

(1) Position Determination 
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The present invention can be used to determine the position of one or 
more objects. The objects have fixed locations or can be moving with respect to 
each other. In one. embodiment, a plurality of radios can be combined to provide 
the position of a desired object (or one or more radios). The actual position can 
be calculated by triangulation. direction finding antennas or other techniques that 
are well known in the art. A position determination system based on the present 
invention can be installed in a mobile phone system (e.g., cellular phone, PCS 
phone) to thereby provide position information to mobile phone users. 

A position determination system built in accordance with the present 
invention would be more reliable than similar systems based on global 
positioning satellites (GPS), because the radios in the present invention can be 
better controlled to provide the desired coverage. Also, such a system based on 
radios will be more accurate because of the inherent sub-centimeter link accuracy 
for each link. Also, a position determination system according to the present 
invention would be superior over an optical system due to its omni-direcUonal 
antenna pattern and its greater dust and rain resistance. 

(2) Distance or Range Measurement for Surveying 

The present invention can be utilized for accurate range measurements 
with sub-centimeter resolution, thereby making the present invention a low cost 
and less complex alternative to the GPS systems used for high resolution range 
measurement. Furthermore, the present invention can be used where GPS is 
unavailable or inteimittent, such as in urban areas, in forests or in canyons. Also, 
the concurrent voice channel available can be used for simultaneous distance 
measurement and voice communications. 

(3) Precision Farming 
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The present invention can be used to automatically or semi-automatical Jy 
guide farm equipment with sub-centimeter repeatability and precision. It would 
not be dependent on satellite constellation as GPS and would be more immune to 
weather than optical systems. The concurrent data channel can be used for 
control commands or voice communications. 

(4) Mining 

Open and underground mining involves operations where GPS is 
intermittent or not available at all . The present invention can provide reliable and 
continuous service in these situations. In addition, the multipath immunity of the 
ultra-wideband (UWB) radio system has been demonstrated to provide excellent 
communications in underground tunnels where carrier based communication 
systems fail. 

(5) Marine Navigation 

The present invention can provide ship to shore link as well as precise fall 
duplex communications. Also, two radios, one at each end of a ship can provide 
precision docking information. 

(6) Asset Tracking 

Large shipyards and warehouses have a need for dynamic asset tracking. 
A system based on the present invention can transmit ID tags and provide link 
distance as part of an asset position tracking system. 

(7) Aircraft Landing 
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The high precision and rapid measurement rate available from the present 
invention makes it an ideal sensor for an aircraft precision landing device. Its 
independence from GPS and immunity to weather make it extremely reliable. 
Also, multipath immunity makes the present invention insensitive to local 
propagation conditions and thus extremely portable. As a result, a precision 
aircraft landing device built in accordance with the present invention can be set 
up at remote fields in a matter of hours. 

(8) Aircraft Collision Avoidance 

A collision avoidance system could be built using the present invention. 
In one embodiment, low cost transponders built according to the present 
invention can be installed in aircrafts. A simple link between two aircrafts that 
indicates a steady closing velocity suggests a collision course. A course between 
two aircraft at a steady velocity that is not a collision course will show a 
decreasing closing velocity. If additional sensor data is provided on the link, such 
as altitude, compass, or GPS coordinates, then faster and more accurate 
predictions of potential collision could be made. The system can operate with or 
without GPS or interface with ground equipment. 

Conclusion 

While various embodiments of the present invention have been described 
above, it should be understood that they have been presented by way of example, 
and not limitation. Thus the breadth and scope of the present invention should 
not be limited by any of the above-described exemplary embodiments, but should 
be defined only in accordance with the following claims and their equivalents. 
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